Cultured skin substitutes (CSS) consisting of autologous fibroblasts and keratinocytes combined with biopolymers are an adjunctive treatment for large excised burns. CSS containing two cell types are limited by anatomical deficiencies, including lack of a vascular plexus, leading to slower vascularization after grafting than split-thickness autograft. To address this limitation, CSS were prepared containing human keratinocytes, fibroblasts, and dermal microvascular endothelial cells ( 
Cultured skin substitutes (CSS) comprised of autologous dermal fibroblasts and epidermal keratinocytes have been used as an adjunctive therapy in the treatment of large burn wounds with limited donor sites for autograft (1) (2) (3) (4) (5) (6) . Recent advances in the preparation of CSS have led to improved clinical performance, making cultured skin a desirable alternative therapy for the most severely burned patients (7, 8) . Containing just two cell types, CSS are limited by anatomic and physiological deficiencies compared with split-thickness skin autograft. A major limitation of CSS is the lack of a vascular plexus (9) , which necessitates vascularization to occur de novo rather than through inosculation of the graft with the wound. This increases the period of nutrient deprivation and susceptibility to microbial contamination for grafted CSS, contributing to higher rates of graft failure compared with autograft. This limitation has been addressed clinically by the extensive use of nutrient and antimicrobial dressing fluids for several days after grafting of CSS (4, 7, 10) , but this process is labor-intensive and can subject the grafts to mechanical stresses that influence engraftment. In preclinical studies, genetic modification of keratinocytes in CSS has been used to overexpress vascular endothelial growth factor, an angiogenic cytokine, leading to enhanced vascularization after grafting to mice and improved rates of engraftment (11, 12) . These procedural and technical advances address the anatomic deficiency in CSS indirectly, compensating for the lack of blood vessels after grafting by supplying nutrients exogenously or enhancing the ingrowth of vessels from the underlying wound bed. A direct approach to addressing this problem would be to initiate angiogenesis in the skin substitutes in vitro before grafting. This would hypothetically permit vascularization of the CSS to occur through inosculation of existing vessels in the grafts with vessels from the wound bed and neovascularization, as occurs for grafted splitthickness skin (13) .
Initiation of angiogenesis in vitro in a cultured skin model requires the addition of cells derived from vascular tissue. Perhaps the most critical cell type for such a model is the endothelial cell, and several methods for the isolation and culture of vascular endothelial cells have been described (14 -16) . Endothelial cells have been demonstrated to organize into vascular structures under certain culture conditions through the use of biomaterial supports and/or coculture with other cell types. For example, tissue-engineered human blood vessels have been constructed in vitro using mixtures of vascular smooth muscle cells, dermal fibroblasts, and human umbilical vein endothelial cells (HUVEC) in a collagen matrix (17) or by using cells alone grown along a tubular support for lumen formation (18) . A preclinical study involving transplantation of synthetic blood vessels constructed by culture of HUVEC in 3-dimensional collagen/fibronectin gels has been reported (19) . These engineered tissues organized into multilayered structures 1-2 months after implantation in mice, illustrating the feasibility of grafting synthetic vessels, but retroviral transduction of the HUVEC resulting in Bcl-2 overexpression was required to promote survival of the transplanted cells (19) . In a similar study, human dermal microvascular endothelial cells (HDMEC) in a porous poly-l-lactic acid sponge were implanted subcutaneously in mice and formation of functional microvessels was observed (20) . The approaches used in these studies can be applied to the problem of vascular deficiency of cultured skin grafts. For example, preparation of a skin equivalent containing dermal fibroblasts, epidermal keratinocytes, and HUVEC has been reported, but transplantation to wounds was not performed (21) .
A potential limitation of previous studies that may impede their clinical application in cultured skin grafting is the reliance on nondermal or nonautologous endothelial cells. HUVEC, used by other investigators to prepare engineered skin equivalents (21) , are isolated from human umbilical vein. This is a discarded and therefore widely available tissue source, facilitating the use of HUVEC in preclinical studies. However, these cells are essentially of fetal origin and thus their behavior may differ from that of dermal endothelial cells (16) . Preparation of endothelialized skin substitutes for grafting to a patient with a competent immune system ideally should be performed using multiple cell types derived from a single autologous skin sample. The present study was performed as a first step in the introduction of endothelial cells to a clinically relevant cultured skin model.
MATERIALS AND METHODS

Cell culture and preparation of cultured skin substitutes
Cultures of epidermal keratinocytes, dermal fibroblasts, and microvascular endothelial cells were isolated from a single human skin sample obtained from a 16-year-old female donor undergoing reduction mammoplasty. Primary cultures of human keratinocytes and fibroblasts were isolated and grown as described (22, 23) with minor modifications to facilitate isolation of HDMEC. The skin was cut into 2 cm ϫ 0.25 cm strips, and the dermis and epidermis were enzymatically separated by incubation with Dispase (Roche Molecular Biochemicals, Indianapolis, IN) for 2.75 h. The epidermal pieces were digested in trypsin-ethylenediaminetetraacetic acid solution (23; Sigma Chemical Co., St. Louis, MO) and the keratinocytes were inoculated into flasks containing lethally irradiated NIH 3T3 cells in keratinocyte growth medium (22, 23) . The dermal strips were placed in endothelial cell growth medium (Medium 131ϩMicrovascular Growth Supplement; Cascade Biologics, Portland, OR) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Rockville, MD) and scraped with sterile angled scissors to release microvascular endothelial cells. The cell suspension was centrifuged and the HDMEC were inoculated in endothelial cell growth medium into flasks coated with Attachment Factor (Cascade Biologics). The scraped dermal tissue strips were minced and incubated for 1 h with Collagenase (Worthington Biochemical Corp., Lakewood, NJ) for fibroblast isolation. The digested dermal tissue was centrifuged and the fibroblasts were inoculated into flasks containing fibroblast growth medium (23) . After one (keratinocytes and fibroblasts) or two (HD-MEC) passages, all cells were cryopreserved in the appropriate growth medium supplemented with 20% FBS plus 10% dimethyl sulfoxide (Sigma). Cells were recovered from cryopreservation and expanded without additional passage for inoculation of CSS. CSS were prepared as described (23) (24) (25) (26) with modifications for the addition of HDMEC. Dermal substitutes consisted of acellular collagen-glycosaminoglycan (GAG) substrates (ϳ80 cm 2 starting surface area each; nϭ10 total) inoculated with fibroblasts or a mixture of fibroblasts and HDMEC. For control CSS (nϭ4), collagen-GAG substrates were inoculated with 5 ϫ 10 5 fibroblasts/cm 2 in fibroblast growth medium. For CSS containing HDMEC (CSSϩEC; nϭ6), 5 ϫ 10 5 fibroblasts/cm 2 were mixed with 5 ϫ 10 5 HDMEC/cm 2 in a 1:1 mixture of fibroblast growth medium and endothelial cell growth medium supplemented with 10 ng/ml recombinant human vascular endothelial cell growth factor (rhVEGF; R&D Systems, Minneapolis, MN). One day later (culture day 0), all dermal substitutes were inoculated with 1 ϫ 10 6 keratinocytes/cm 2 in either control CSS medium (25) or CSS medium supplemented with 10 ng/ml rhVEGF (for CSSϩEC). Culture media were changed daily; on culture day 3, all CSS were lifted to the air-liquid interface and rhVEGF was removed from the CSSϩEC medium. CSS were cultured for 16 days at 37°C, 5% CO 2 , with daily changes of nutrient medium. Biopsies for light microscopy and immunohistochemistry were collected at culture day 15. At the end of the culture period, grafts were cut to 2 cm ϫ 2 cm squares for transplantation to mice.
Surface electrical capacitance (SEC)
Measurements of SEC were used to assess in vitro development of epidermal barrier. SEC provides a representation of skin surface hydration that is inversely proportional to electrical impedance. This was measured using the NOVA Dermal Phase Meter (DPM 9003; NOVA Technology, Portsmouth, NH) as described previously (27, 28) . Six sets of SEC readings were taken on each CSS at in vitro culture days 8, 10, and 15. Data were collected for 10 s/set from random sites on each CSS. The 10 s values were converted from arbitrary units read by the Dermal Phase Meter to picofarads (pF) as described elsewhere (27) . Mean values Ϯ se are presented. Statistical analysis was performed using one-between, one-within repeated measures analysis of variance (RM ANOVA). The between factor was the group (control vs. CSSϩEC); the within, or repeated, factor was time (culture day). Significant differences (PϽ0.001) between control and CSSϩEC groups were found at each time point by univariate ANOVAs. Tukey's test was used to show significant differences (PϽ0.05) between pairs of means.
Committee following National Institutes of Health guidelines. Control CSS and CSSϩEC were grafted to 2 cm ϫ 2 cm full-thickness wounds on the flanks of athymic mice (nϭ15 per group) as described (23, 24) with minor modifications. Each wound was prepared leaving the panniculus carnosus intact. Grafts with overlying nonadherent dressing (N-terface; Winfield Laboratories, Richardson, TX) were sutured to wounds. Grafts were dressed with gauze pads coated with antibiotic ointment, the dressings were covered with OpSite (Smith & Nephew Medical, Hull, UK), and the grafted areas were bandaged with Coban (3M Medical Division, St. Paul, MN). Mice were killed at 1, 2, and 4 wk after surgery (nϭ5 per group per time point). For mice killed at 4 wk, dressings and sutures were removed after 2 wk. At death, graft biopsies were collected for histological analysis and immunohistochemistry.
Engraftment was confirmed by staining human keratinocytes in frozen CSS sections (see below) by direct immunofluorescence using a fluorescein-labeled anti-human HLA-ABC antibody (Accurate Chemical & Scientific Corp., Westbury, NY).
Light microscopy and immunohistochemistry
Biopsies of CSS for light microscopy were fixed in 2% glutaraldehyde/2% paraformaldehyde for a minimum of 1 h for in vitro samples or 24 h for in vivo samples. Biopsies were processed, embedded in glycol-methacrylate (plastic) resin, sectioned, and stained with toluidine blue using standard techniques.
Biopsies of CSS for immunohistochemical staining were frozen in M-1 Embedding Matrix (Lipshaw, Pittsburgh, PA). A two-step procedure for imbedding, as described in detail elsewhere (12) , was used to ensure that each biopsy was sectioned at a 90°angle to the surface of the epidermis. Cryostat sections (10 -12 m thick) were dehydrated in methanol and fixed in acetone at Ϫ20°C. After air-drying, sections were rehydrated in phosphate-buffered saline (PBS) pH 7.6. For light microscopy of frozen sections, hematoxylin and eosin staining was performed using standard procedures.
A colorimetric immunoperoxidase procedure was used for visualization of human endothelial cells in CSS prior to grafting instead of immunofluorescent labeling because of high levels of background fluorescence from the collagen-GAG substrate in vitro. CSS sections were incubated for a minimum of 1 h at room temperature with a biotin-conjugated anti-human CD31 antibody (ID Labs, Inc., London, Ontario, Canada) diluted to 5 g/ml, followed by detection using the Vectastain ® Elite ABC Universal kit and the DAB Peroxidase Substrate kit (Vector Labs, Burlingame, CA). Sections were briefly counterstained in a dilute toluidine blue solution.
Direct or indirect immunofluorescence was used for antigen detection in sections of grafted CSS. Human endothelial cells were labeled using a biotin-conjugated anti-human CD31 antibody (5 g/ml; ID Labs), followed by detection using the Tyramide Signal Amplification Direct (Green) kit (Perkin Elmer Life Sciences, Boston, MA). Mouse endothelial cells were stained either directly using a FITC-conjugated antimouse CD31 antibody (12.5 g/ml; BD PharMingen, San Diego, CA) for green fluorescence or indirectly using a purified rat anti-mouse CD31 antibody (12.5 g/ml; BD PharMingen), followed by visualization with a Texas Red ® -X goat anti-rat IgG antibody (10 g/ml; Molecular Probes, Eugene, OR) for red fluorescence. Smooth muscle cells were stained using a Cy3-conjugated anti-␣ smooth muscle actin antibody (5 g/ml; Sigma). Localization of basement membrane in CSS sections was performed using a rabbit antibody against collagen type IV (6.25 g/ml; Biodesign International, Saco, ME), followed by staining with Texas Red ® -X goat anti-rabbit IgG antibody (10 g/ml; Molecular Probes). All antibody incubations were performed for a minimum of 1 h at room temperature in a humidified chamber. Samples were washed with PBS and slides were coverslipped using Fluoromount-G mounting media (Southern Biotechnology Associates, Birmingham, AL). In negative controls for all antibody staining, either primary or secondary antibodies were omitted. Sections were examined using a Microphot-FXA microscope (Nikon, Melville, NY) equipped with epifluorescent illumination and photographed using a Spot-Jr. Digital Camera (Diagnostic Instruments, Sterling Heights, MI).
RESULTS
Human microvascular endothelial cells persist in CSS and form multicellular aggregates in vitro
CSS prepared with cultured fibroblasts and keratinocytes, with or without added HDMEC, were organized into dermal and epidermal tissue compartments, similar to native human skin (Fig. 1) . After 15 days of in vitro incubation, the dermal compartments of control CSS and CSSϩEC were densely populated with fibroblasts. The epidermal compartments of control CSS were composed of well-stratified epithelial layers, with basal keratinocytes attached to the collagen-GAG substrate and cornified layers at the upper air-exposed surface (Fig. 1A) . In contrast, epidermal layers of CSSϩEC were more poorly organized than controls (Fig. 1B) .
Specific staining of human endothelial cells in frozen sections of CSS using antibodies against human CD31 showed that after 15 days of in vitro culture, HDMEC were retained in the dermal compartments of CSSϩEC (Fig. 2) . Staining for CD31 was localized to the upper regions of the dermal compartments, in proximity to the dermal-epidermal junction. Clusters of CD31-staining cells were observed, suggesting aggregation of HDMEC in the upper dermis and, in some instances, CD31 staining was observed surrounding small holes in the dermal matrix (Fig. 2B) . Close examination of the dermal compartments in plastic-embedded histological sections of CSSϩEC revealed structures resembling vascular analogs (Fig. 1B) . Ring-like aggregates of cells were found near the dermal-epidermal junction in CSS prepared with HDMEC. These structures were not observed in control CSS.
The poorer in vitro organization of the epidermal compartments of CSSϩEC vs. controls observed in histological sections corresponded with a reduction in epidermal barrier function as measured by surface electrical capacitance (SEC) (Fig. 3) . Surface hydration, reflected by SEC measurements, is inversely proportional to epidermal barrier; hence, a drier cultured skin surface (lower SEC) indicates better barrier development. In control CSS, SEC values dropped significantly during in vitro incubation, suggesting maturation of epidermal barrier, and approached the value for native human skin by the end of the culture period (Fig. 3) . SEC values for CSSϩEC were statistically greater than controls at each time point measured. The SEC readings for CSSϩEC decreased during in vitro culture, indicating drying of the epidermal surface and thus improvement in epidermal barrier with time, but values did not approach those of control CSS or native human skin.
Human microvascular endothelial cells organize into putative vascular analogs after grafting to athymic mice
Control CSS and CSSϩEC healed after grafting to full-thickness wounds on the flanks of athymic mice (Fig. 4) . No significant differences in engraftment were observed (data not shown).
Antibodies specific for human or mouse CD31 were used for immunohistochemical localization of human and mouse endothelial cells in sections of CSS excised from mice at multiple times after grafting (Fig. 5) . At 1 wk after grafting, clusters of human endothelial cells were observed near the dermal-epidermal junction in CSSϩEC and some rings of human endothelial cells were found near the middle of the dermal compartments (Fig. 5A) . In contrast, staining for mouse endothelial cells at this time was found mostly in the middle and lower regions of the dermal compartments (Fig.  5B) . By 2 wk after grafting, larger rings of human endothelial cells, resembling putative vascular structures, were observed in the dermal compartments of CSSϩEC (Fig. 5C ). Fewer individual human endothelial cells were found; human CD31 staining appeared to be confined mainly to either ring-like groupings (Fig.  5C ) or linear structures (data not shown) within the dermis. Similar multicellular structures were seen 4 wk after grafting (Fig. 5E) . In some regions of CSSϩEC excised 2 or 4 wk after grafting, cells staining positive for human CD31 were found in close proximity to regions of mouse CD31 staining, indicating colocalization of human and mouse endothelial cells (Fig. 5C-F ) . Staining for collagen type IV was colocalized with mouse CD31 staining in CSSϩEC (data not shown) and control CSS (Fig. 6I, J) at all time points examined, indicating deposition of basement membrane around the dermal microvessels originating from the wound beds of the grafted mice. In CSSϩEC, staining for collagen type IV was associated with human CD31 staining in regions where the human endothelial cells were organized into multicellular structures (Fig. 6A-F ) . At 1 wk after grafting, little or no colocalization of collagen type IV and human CD31 staining was observed (Fig. 6A, B) . After 2 wk, colocalization was seen surrounding the larger rings of human endothelial cells (Fig. 6C, D) , and this staining was more pronounced at 4 wk after surgery (Fig. 6E, F ) .
To further characterize the multicellular structures formed by HDMEC in CSSϩEC after grafting, sections were double-labeled with antibodies against either human or mouse CD31 and ␣ smooth muscle actin. No colocalization of staining for human CD31 and ␣ smooth muscle actin was observed in CSSϩEC 1 wk after grafting (data not shown). By 4 wk, however, some of the larger and more highly organized human endothelial structures in CSSϩEC were associated with staining for ␣ smooth muscle actin (Fig. 7A, B) , indicating colocalization of mouse smooth muscle cells with grafted HDMEC. Most staining for mouse CD31 was associated with staining for ␣ smooth muscle actin in either CSSϩEC (data not shown) or control CSS (Fig.  7C, D) .
DISCUSSION
Vascularization is critical to engraftment of skin substitutes. Initiation of angiogenesis during the in vitro culture period can prospectively shorten the period of vascularization after grafting. As a step toward development of an in vitro endothelialized cultured skin model, CSS were prepared with human keratinocytes, fibroblasts, and dermal endothelial cells isolated from a single skin biopsy. Endothelial cells were confined to the dermal compartment and were found in aggregates near the dermal-epidermal junction after 15 smooth muscle actin staining was evident by 4 wk after transplantation, indicating association of the human vascular analogs in grafted CSSϩEC with mouse smooth muscle cells. Staining with species-specific antibodies suggested some colocalization of human and mouse endothelial cells at 2 and 4 wk after grafting. However, as it was beyond the scope of this qualitative study, it was not definitively determined whether functional connections between the human vascular analogs in grafted CSSϩEC and the mouse circulation were present. This determination, to be addressed in future studies, will be critical for analyzing the effect of inclusion of HDMEC on vascularization after grafting.
The results of this study demonstrate the ability to transplant HDMEC in a cultured skin graft and the ability of such a graft to heal a full-thickness wound; however, several issues remain to be addressed. Although endothelial cells were easily identified in sections of CSSϩEC in vitro, there were relatively small numbers of HDMEC by the end of the culture period. Whereas the dermis is packed with fibroblasts after 15 days in culture, an equal initial inoculation of HDMEC resulted in a lower final proportion of the dermis populated by endothelial cells. This indicates either a lower proliferation rate of the HDMEC compared with fibroblasts in the dermal substrate or selective loss of these cells during in vitro culture of the skin substitute. Endothelial cell loss by apoptosis in tissue-engineered vascular constructs has been observed by other investigators (19, 20) . One group has used genetic modification with a Bcl-2 retrovirus to delay apoptosis of endothelial cells and promote survival after grafting (19, 29) . Hypothetically, this endothelial cell loss can also be addressed by modifying the culture conditions or biopolymer matrix used for preparation of CSS.
Another important issue is the poorer organization of the epidermal layers of CSSϩEC compared with control CSS. This may have been due to alterations in the dermal matrix resulting from the presence of HDMEC or the secretion of factors by the HDMEC that affect keratinocyte proliferation and/or differentiation. Alternatively, this observation may be a by-product of the increased overall cell inoculation in the dermal compartments of CSSϩEC compared with controls. In this study, the total number of fibroblasts inoculated per unit area was held constant between groups, but an equal number of HDMEC was inoculated in the dermal substitutes of CSSϩEC grafts. Despite the in vitro observations, differences in epidermal organization were not detected in vivo at any time after transplantation, suggesting that the impairment of barrier development in vitro was overcome after grafting to mice.
To our knowledge, these studies represent the first transplantation of dermal microvascular endothelial cells in a composite cultured skin graft. Because all three cell types (keratinocytes, fibroblasts, and endothelial cells) were obtained from a single skin biopsy, this study demonstrates the feasibility of preparing autologous CSSϩEC for grafting to patients. Restoration of a vascular plexus in engineered skin grafts may result in greater efficacy of wound healing as well as reduced morbidity and mortality from extensive skin loss injuries.
